Turbulent boundary layers exert a dynamic pressure signal on nearby surfaces which can adversely effect the performance of engineering systems. These pressure fluctuations contain a broad spectrum of scales that convect downstream at different speeds. The concept of removing energy from the large scale structures by the use of boundary layer suction is experimentally investigated at Reynolds numbers based on the momentum thickness ranging from 2000 to 4000. The characteristic scales and pressure signatures of turbulence in the boundary layer are analyzed before and after the application of suction. Fourier analysis shows that the peak energy containing region of the turbulent pressure spectrum collapses via outer scaling variables. The mean convective speed of coherent velocity structures in the boundary layer are shown to be 75% of the free stream velocity. The power spectral densities of control cases are presented in a noise scaling to show the reduction of the turbulent pressure signatures resulting from low boundary layer suction intensitites. Finally, the RMS pressure reduction of the largest energy containing structures is calculated to be as high as 50% at low suction intensities.
Nomenclature
Wall normal suction velocity y + = y · u τ /ν Viscous length scaling
I. Introduction
Despite over a century of study since Prandtl introduced his theory on boundary layer flows, there is still a great interest and need for fundamental study of turbulent boundary layer (TBL) flow. Turbulent boundary layers adversely affect a large variety of engineering systems. In particular, the surface pressure fluctuations below turbulent flow create unwanted stresses on any vehicle traveling at speeds where turbulence is present. For many vehicles, surface pressure fluctuations produce unwanted noise that propagates into the interior of the vehicle. The driving interest of this study comes from the desire to reduce pressure fluctuations on surface mounted sensors. Sonar receiver arrays are surface mounted pressure transducers designed to sense acoustic waves but, by nature, they are also sensitive to turbulent pressure fluctuations. This results in a decreasing signal to noise ratio as the vessel speed increases, which limits the maximum speed at which sonar can be used. The limitation of operation to undesirably low speeds can be reduced or removed if the boundary layer is controlled in such a way to mitigate the presence of the pressure signatures from the TBL.
Any flow control system geared toward mitigating the effect of the turbulent pressure signatures must have sufficient command authority to significantly improve the signal to noise ratio. Prior attempts have not made a sufficient reduction in this turbulent pseudo-noise. Several studies have been aimed at using signal processing to remove the turbulent pseudo-noise, but the nonlinear near-field sources can not be easily reduced by standard or adaptive beamforming techniques. 1 Closed loop control requires a robust dynamic system model that can accurately predict the evolution of the pseudo-noise sources. Since the accuracy of the model's prediction would be sensitive to any other noise in the system, transducer noise, or experimental error, and fine tuning is required to have active control work properly, this means of control is not considered here. Ejecting polymer chains into the flow to decrease turbulence 2 requires a constant expenditure of the polymer material and is impractical for regular use on ships and submarines. Design methods for reducing the effect of the TBL on a sensor, such as increasing the transducer size 3 so that turbulent fluctuations cancel out or introducing elastomer layers, 4 cause unwanted constraints on the transducer design.
The emphasis of the current study is to examine the use of boundary layer suction (BLS) as a means to reduce the pressure signatures caused by velocity fluctuations in the TBL. BLS has been proven to remove energy from large scale structures in the boundary layer as the boundary layer thickness is reduced and the boundary layer enters a quasi-laminar state. Antonia et al (1995) 5 have shown that BLS can be used to return the boundary layer to a laminar or quasi-laminar state. For all suction rates studied, they calculated reduced skin friction coefficients and root mean square velocity profiles for up to 20 boundary layer thicknesses downstream of the suction device. It is reasonable to assume that, with a reduction of fluctuating energy in the velocity field, the fluctuating pressure signatures resulting from the velocity field also decrease. Numerical studies 6 show a reduction in root mean square energy of 25% and Reynolds shear stress of 34% at suction intensities in the same range as this study. Narayanan (1968 Narayanan ( ,1969 7, 8 observed that the wall region of the flow adjusts to laminar conditions earlier than the outer region. Since the wall region is believed to contribute to the pressure signature at smaller scales, higher frequencies, this may indicate that low levels of suction have a greater effect on the high frequency content. In this study it is assumed that the boundary layer has matured beyond the point at which turbulence transition can be delayed. The roughness of sea water and barnacles on ships causes boundary layer trips and ensures early transition unless a periodic and unrealistic level of maintenance is applied. Measurements of the boundary layer are conducted in order to determine the effect BLS has on turbulent pressure signatures. This work shows that BLS reduces the turbulent pseudo-noise signature on pressure arrays even at low suction intensities.
Several analysis methods will be employed in order to determine the scalability of the data along with identifying key signatures of turbulence which will signify how the field is influenced by the presence of BLS. Likewise, an attempt is made to determine the variables required to extrapolate these findings to full-scale conditions where flow measurement techniques such as Laser Doppler Velocimetry (LDV) are infeasible. Both uncontrolled and controlled states are presented here in order to both clearly demonstrate the nature of the pressure footprint from the convective structures in the velocity field and show the influence BLS has on the system. A range of momentum thickness Reynolds numbers (Re θ 0 = U ∞ θ 0 /ν where U ∞ is the free stream velocity, ν is the kinematic viscosity, and θ 0 is the momentum thickness above the first pressure element in absence of suction) from 2000-4000 are studied with varied suction control for each flow case.
II. Experimental Overview

A. Water Tunnel
The current research was conducted in a closed-circuit water tunnel located in the Aerospace Engineering and Engineering Mechanics Department at The University of Texas at Austin. A complete description of the facility and instrumentation can be found in Dolder (2010) 9 whereas an abridged description is provided here. The water tunnel is a Rolling Hills Research Corporation a model 1520 flow visualization tunnel, a plan view of which is shown in figure 1 . An important feature of this water tunnel is the glass walls which allow optical access to all areas of the test section. The flow enters a settling plenum upstream of the test section followed by a series of screens and flow straighteners a Formerly Eidetics Corporation; http://www.rollinghillsresearch.com/ and then into a 6:1 contraction before entering the test section. The test section and upstream contractions were modified by installing a 2-D streamlined, instrumented insert into the test section to produce up to 1.64m/s (3.2 knots) core flow through a 152cm x 40cm x 10cm (L x W x H) test section. This instrumented insert is shown in figure 1 and 2b and was designed to ensure the development of a 2-D turbulent boundary layer with slightly adverse pressure gradient over an embedded array of hydrophones. The instrumented insert also allowed different suction control configurations to be studied without having to modify the water tunnel. Slowly diverging walls along the test section reduce the effects that a developing boundary layer may have on the core flow. Meanwhile, a smooth flat plate with elliptical leading and trailing edges was inserted on the top surface of the test section in order to prevent surface waves and other three-dimensional effects from forming along the upper boundary of the test section. 
B. Boundary Layer Suction (BLS) Control Device
The principal goal of the current study is to develop a practical means by which the fluctuating wall pressure produced by the formation of a turbulent boundary layer over a flat surface could be reduced in order to improve the signal to noise ratio of current underwater acoustic sensing systems. To this end, a boundary layer suction device (BLS) was manufactured and mounted flush to the surface of the instrumented insert as indicated in figure 3a and pictured in figure 3b . The device was designed so that different configurations (slots, strips, holes) could be investigated as part of future studies aimed at improving the effectiveness of the suction device. Suction occurred through a porous aluminum strip measuring 12.7mm and 11.9mm in the streamwise and spanwise directions, respectively. The spanwise length of the porous strip was large enough to reduce three-dimensional effects and comprised an average of 40 pores per inch and a porosity of 92%. This produced enough flow resistance to ensure uniform suction across the surface. The suction cavity was mounted to the instrumented insert using PVC piping that redirected flow from the suction device back into the water tunnel upstream of the flow straighteners.
(a) (b) Suction was achieved using an inline, constant-flowing, wet-bearing, water-garden pump capable of delivering up to 60GPM (assuming no head loss). Flow rates through the suction surface were regulated by throttling a ball valve connected to a bypass stream of water and monitored by way of a Key Instruments flow meter that ranged between 0 and 35GPM at an accuracy of ±10% full-scale. Given the head loss through PVC piping, a maximum flow rate of 20GPM could be achieved through the porous aluminum surface.
III. Instrumentation
The two primary instruments used in the study were a 2-component Laser Doppler Velocimeter (LDV) and a 20 element hydrophone array for measuring the velocity and fluctuating surface pressure, respectively. A thorough description of these two instruments is here described, including estimates of their individual sources of error.
A. Laser Doppler Velocimetry
Surveys of the velocity field in the vicinity of the hydrophone array and suction control device were performed using a 2 channel (2-component) Dantec Dynamics LDV system mounted to a two degree-of-freedom traverse with displacement accuracies of ±6μm. The LDV probe comprised a 10 mW He-Ne laser (632 nm wavelength) and a 20 mW Nd:YAG laser (532 nm wavelength) with a beam separation distance of 112mm and a focal distance of 310mm. This provided small measurement volumes of 0.079mm × 0.078mm × 0.1mm for the He-Ne laser and 0.09mm × 0.09mm × 0.1mm for the Nd:YAG laser thus allowing measurements in the vicinity of the viscous sublayer (4.5 × 4.5 × 5.7 in terms of y + units). This ultimately improved the accuracy by which inner and outer scaling variables could be estimated in subsequent analysis. Randomness in the LDV data rate was corrected using a residence time weighting for the mean and variance, and the fuzzy slotting technique for estimating the power spectral density function. 10 A known source of uncertainty in LDV measurements is due to particle tracking errors. For neutrally buoyant particles suspended in water, the leading source of particle tracking errors is attributed to Stokes drag. The equation of motion for a particle in a steady flow is well known,
where U and μ are the fluid velocity and dynamic viscosity, respectively, with v p , a and ρ p being the velocity, nominal diameter and density of the particle, respectively. The response time and error can then be written as,
where % Error is the percent tracking error v p − U /U. An estimate of this percent error is shown in figure 4 relative to the inverse of the particle response time. For the current set of LDV measurements, 50μm polymid seeding particles were used, which demonstrate a tracking error on the order of 5% tracking at a frequency of approximately 38kHz. 
B. Pressure transducers
The fluctuating wall pressure beneath the TBL was captured using a custom fabricated 20 piezoelectric ceramic (PZT) element hydrophone array mounted flush with the top surface of the instrumented insert, as shown in figure2b. The dimensions of the elements and the inter-element spacing were chosen based on an estimate of the boundary layer thickness and the convective time scales of the turbulent structures believed to be responsible for driving the fluctuating wall pressure. This turned out to be a challenging task with no commercially available transducers to choose from, so the design and fabrication was performed by in-house technicians at the Applied Research Laboratories at The University of Texas at Austin (ARL:UT). An illustration of the basic design is shown in figure 5a identifying its principal components. The inter-element spacing was 2.15mm and was selected in order to provide the necessary spatial resolution to analyze the frequency-wavenumber characteristics of the fluctuating wall pressure. PZT elements were formed by cutting a 1.65mm thick piezo-electric ceramic plate into 2mm by 12.7mm prismatic rods, the ends of which can be seen in figure 5b. The PZT element array was backed by a steel plate coated with a non-conductive thin layer of Kapton tape in order to increase gain. Cross talk between elements was reduced by using thin strips of corprene as a spacing material. Behind the back plate, a slab of acoustic damping material called SADM was inserted to reduce any possible acoustic signals originating behind the array. The 20 element array was then placed in a PVC housing and encapsulated in a low loss polyurethane elastomer so that the array could be submerged in water. The elastomer was chosen to match the acoustic impedance of water thus reducing the transmission loss of acoustic waves through the elastomer. The PVC housing served as a convenient way to seal the back of the array so that the preamplifiers would not have to be coated in elastomer as well. An image of the hydrophone installed in the instrumented insert is shown in figure 5b and measured 47mm (1.85in) in length. Eight PCB model 422E11 in line charge amplifiers were used in conjunction with the custom array and were powered with a current source located in the data acquisition system. The assembled pressure array was calibrated at ARL:UT's Lake Travis Test Station (LTTS). The acoustic calibration was performed by comparing the response of a Navy H56 precision calibrated hydrophone to the outputs of each element on the array for a given input from a Navy J9 projector. The Navy H56 precision hydrophone has a flat freefield voltage sensitivity from 100 Hz to 65 kHz and has a high precision calibration between 10 Hz and 100 Hz. The Navy J9 projector was used to produce the acoustic input to both the precision hydrophone and the custom fabricated array and produced a flat frequency response from 40 Hz -20 kHz. Precision calibrations of the reference instruments were performed and certified by the Underwater Sound Reference Division (USRD) of the Naval Undersea Warfare Center (NUWC).
C. Facility characterization
Several preliminary studies were performed in order to characterize the state and shape of the turbulent boundary layer as well as any contaminating sources of noise. The latter of these was especially important given the high sensitivity of PZT type elements to acoustical and vibrational disturbances located throughout the lab.
Where flow uniformity over the instrumented insert is concerned, several passes of the LDV system along the spanwise coordinate were conducted in order to determine if the flow was indeed two-dimensional and homogeneous in the spanwise direction. For these tests, the LDV measurement volume was placed at an elevation of y = 1.43δ above the instrumented insert for two streamwise positions, x = −3.65δ and x = 0δ , where δ is the boundary layer thickness. The results of these measurements are shown in figure 6a to demonstrate that the freestream velocity does not vary more than 2% across the spanwise coordinate above where the hydrophone array was located.
For the 20 element hydrophone array, a preliminary set of measurements revealed several high frequency peaks in the pressure data believed to be associated with various sources of facility induced noise. To isolate these sources of noise, a rigorous investigation of the testing environment was conducted using accelerometers placed on the water tunnel pump assembly and test section insert (for isolating vibratory loads), a 1/4 inch freefield microphone suspended in the middle of the laboratory (for measuring airborne noise), and a B&K hydrophone located in a quiescent region of flow inside the water tunnel (to isolated sounds waves propagating through the water tunnel). The tests revealed three leading sources of contaminating noise. The first two were associated with 60Hz line noise and noise from the water tunnel motor. To demonstrate this, the ensemble averaged power spectral density from one of the hydrophone elements is shown in figure 6b with and without the water tunnel on. While the flow noise fails to drown out the facility noise at high frequencies, the low-frequency hydrodynamic hump completely saturates the signal.
A comparison between the power spectral densities (PSDs) of the accelerometer placed on the water tunnel motor and one of the hydrophones was made to further isolate the influence of the pump. This is shown in figure 6c, alongside the coherence (figure 6d). These illustrations show that for frequencies above 700Hz, the signal was partially masked by the noise from the pump, which had a highly harmonic trapezoidal power source. Because of the hydrophone's high sensitivity, structural vibrations and pressure disturbances (from the TBL) could not be decoupled sufficiently to determine the turbulent spectral characteristics in the same frequency band as the pump. At frequencies below 700 Hz, the pressure signal is clearly dominated by the turbulent fluctuations as demonstrated by the convective nature present in the correlations shown below in section IV: B and through comparison of the spectra with other studies. The third source of contaminating noise is discussed later on and is linked to the pump and BLS control device. 
IV. Uncontrolled Flat Plate Turbulence Analysis
A. Mean Velocity Profile
During the course of the experiment, profile measurements of the mean streamwise velocity were acquired at several different locations above the plate with flow speeds ranging between 0.89 m/s and 1.64 m/s. The goal of this was to establish a proper set of scaling variables while confirming the presence and characteristics (spectra, space time scales) of the TBL. In Figure 7a , the profiles from two different streamwise stations, the first located upstream of the hydrophone array at x = −30.5 mm and the second located above the first pressure transducer on the array, are plotted and closely follow a n=6 power law; the parabolic approximation from laminar theory is also included in figure 7a for comparison. These profiles collapse well when scaled in deficit form. The deviation from the power law relationship in the middle of the boundary layer suggests that a slightly adverse pressure gradient is present and was expected. The deviation of the profile from the power law has been reported in literature, which supports the findings here (see Castillo and George (2001) 11 ). The turbulence intensity is also shown in Figure 7b and collapses well using the local mean velocity in place of the freestream velocity. The maximum free stream turbulence intensity was measured and found to be around 2.3%. This did not significantly affect the measurements since the maximum turbulent intensity near the viscous sublayer was at least 30% for each flow condition.
Outer Scaling Variables
The boundary layer thickness, δ , and momentum thickness, θ , were estimated from these profiles and are shown in table 1. Neither one increased significantly over the Reynolds number range studied. In fact, for the highest Reynolds number flow studied, the momentum thickness decreased by 0.1 mm. Outer scaling variables reveal that the range of Reynolds numbers are moderate and can be compared to the measurements of Castillo and George (2001) 
Inner Scaling Variables
The log-law region of the mean velocity profile was used to determine the inner scaling variables for the four flow conditions and was determined two different ways. The first method calculated the friction velocity, u τ , using a least squares regression along with published values for κ and β , whereas the second method employed a nonlinear least squares optimization technique to determine the best fit for all three variables. The outcome of these two methods are listed in table 2. Figure 8 shows the mean velocity profiles scaled in wall units, U/u τ and y + , for the four flow conditions studied and with the accepted values of κ = 0.41 and β = 5.0. A separate attempt was made to collapse these profiles using results obtained from the adaptive technique. However, these profiles failed to overlay one another even though their individuals values for κ and β more accurately reflected the slope and intersection points between the inner and outer regions of the boundary layer for a given Reynolds number condition. Nevertheless, all of the profiles in figure 8 show a clear log-law region and, in all but one case, a point in the viscous sublayer. The trends for the log-law and the viscous linear region suggest that the values shown in table 2 are reasonable. With the LDV measurement volume being nearly the same size as the viscous sublayer, there is little confidence in the measurements acquired in the viscous sublayer. The values for the friction velocity, τ u , as well as the constants κ and β from the log-law equation,
agree well with the published literature [13] [14] [15] [16] [17] which are tabulated here in table 3 for comparison. Likewise, the log-law profiles in figure 8 compare reasonably well to recent DNS studies 12, 18 for which the value of the friction velocity is within 5% of the actual value. DeGraaff and Eaton (2000) 17 have shown that inner scaling variables can be reasonably obtained from the log-law region and used to collapse turbulent boundary layer profiles with Reynolds numbers ranging between 1430 < Re θ < 31000. The rate of dissipation, Kolmogorov length and time scales were computed from (5a), (5b) and (5c), respectively, and are shown in figure 2 for the y + values in the log-law region. The rate of dissipation, ε, and Kolmogorov scales,η & τ η , agree well with underwater turbulent boundary layer measurements by Poggi et al (2003) . 13 Where spatial accuracies of the LDV are concerned, the length scales of the dissipative turbulence (figure 2b) are smaller than the LDV's measurement volume. Likewise, the characteristic frequencies associated with the dissipative scales (figure 2c) are well above frequencies where particle tracking errors become problematic. Since this study focuses on the influence of the more energetic, large-scales of turbulence on the fluctuating wall pressure signals, the inability to resolve the fine-scale turbulence is less of a concern. This is especially true as the spectral decay of pressure fluctuations in the inertial subrange of the energy spectra is more rapid and so the pressure field acts as a natural wavenumber filter thus limiting the influence from the fine-scale turbulence. Re θ = 2700
Re θ = 3400
Re θ = 4000 
B. Fluctuating Wall Pressure
PSDs of the fluctuating wall pressure are shown in figure 10 for the full range of uncontrolled flow conditions investigated. These pressure spectra illustrate two distinct features: (1) a low frequency hump followed by a steep roll-off and (2) a high frequency region of relatively flatter harmonic behavior. The low frequency hump suggests that the fluctuating wall pressure is dominated by hydrodynamic disturbances induced by the velocity fluctuations within the TBL. The high frequency peaks, however, are associated with structural vibrations, acoustic reflections in the tunnel (e.g. noise from the pump and piping system propagating into the test section) and electronic noise from the hydrophones. Two primary trends can be observed in figure 10a ; both the amplitude and the frequency of the peak spectral energy increase with Reynolds number. The former is due to the increased energy coming from the transfer of low momentum flow into a progressively higher momentum region. The latter is due to the fact that structures in the velocity field convect at a speed proportional to the free stream velocity. If the free stream velocity increases more quickly than the length scale of the disturbance, in this case the boundary layer thickness, the frequency of the disturbance increases.
In figure 10b , the spectra have been scaled with outer variables. In doing so, both the amplitude and frequency of the hydrodynamic hump corresponding to the flow events responsible for driving the fluctuating wall pressure are found to collapse reasonably well, albeit, a subtle variation in amplitude is present. Likewise in figure 10c , the spectra have been scaled with inner variables, which do not appear to collapse the amplitude of the characteristic hydrodynamic hump. The frequencies of the largest strength structures appear to collapse better with the outer scaling variables, suggesting that the characteristic footprint in the fluctuating wall pressure signal is produced by the large-scale flow structures. Neither scaling system is able to completely collapse the amplitude of the peak energy, however the smooth slope, which drops off from the largest strength structures, collapses well with the outer scaling variables. The end of the smooth drop is where the hydrodynamic signal is lost in the facility noise discussed earlier. 
C. Space-Time Correlations
Space-time correlations were calculated from the fluctuating wall pressure data and are shown in figure 10d . These contours illustrate finger-like trails, corresponding to signatures produced by long, low-speed streaks of fluid formed by coherent packets of hairpin vortices passing over the surface of the array. The convective ridge of the flow is pronounced and has completely saturated the signal. The convective speed of the structures, as sensed by the fluctuating wall pressure signatures, was calculated to be approximately U conv = 75%U ∞ by dividing the pressure element spacing by the time delay of the correlation peaks. Willmarth 19 observed a convective speed of 75%U ∞ in the fluctuating wall pressure beneath a 2-d turbulent boundary layer, and this percentage is in the range that is typically expected for this type of flow: between 70%U ∞ and 80%U ∞ . Likewise, with outer scaling variables, these space-time correlations collapse reasonably well as shown in figure 10d . The convective speed of the characteristic ridge and rate of decay are in 
V. Controlled Flat Plate Turbulence Analysis
A series of investigations focused on the effects of adding BLS upstream of the hydrophone array were conducted for the same range of Reynolds numbers based on scaling variables obtained from the uncontrolled studies. For each Reynolds number, three control cases were explored by setting the volume flow rates through the suction device to 0GPM, 10GPM and 19GPM. Suction severity is measured by the ratio of the momentum flux removed by the suction device to the incoming momentum flux from the boundary layer, 5 and is shown as follows,
where v w is the normal suction velocity through the wall, b is the streamwise dimension of the suction device, U ∞ is the free stream velocity, and θ s is the momentum thickness over the suction device in the absence of suction. The momentum thickness is used in (6) because it is an experimentally consistent metric as opposed to the displacement thickness δ , which is defined by the point at which the local velocity is 99% of the free stream velocity; the latter is very succeptible to experimental error. Massive suction refers to the removal of the entire boundary layer and occurs when ξ ≈ 10, (assuming that δ ≈ 10θ in this study). For the present calculations θ s is taken to be θ 0 -measured above the first pressure element, since the first pressure element is close to the suction device and the streamwise growth of the momentum thickness is negligible over the length of the hydrophone array. The resulting suction severity cases are provided in table 5 . When compared to other investigations, these suction intensities are low. Antonia et al (1995) 5 studied values of ξ up to 6.5 in order to relaminarize an incoming TBL. Table 5 . Non-dimensional suction intensity ξ
The power spectra between uncontrolled and controlled test configurations were compared to ensure the flow was not significantly altered through the addition of the BLS device. The comparisons shown in figure 11 show that, aside from some contaminating noise from the suction pump discussed below, the turbulent spectra did not change as a result of the inclusion of a control device. Since the spectra are already known to collapse (see figure 10) , the different Reynolds number cases are shifted by 10 non-dimensional units. Figure 12a is an average power spectra over the array and shows two regions that were identified as pertinent to the suction performance; these regions were used to define two low-pass filters. The scaling used is meant to show the most energetic structures present in the flow. The power spectra is multiplied by the frequency and normalized by the variance of the no suction case. Filter 1 includes the noise from the turbulence present and the noise introduced by the suction pump, but excludes the higher frequency noise introduced by the water tunnel. Filter 2 targets the portion of the spectrum that is due primarily to the turbulent pressure signatures. All remaining spectra are normalized via the variance due to only fluctuations that fall within filter 1. Later, the energy in these two regions is calculated. Figure 12b -f shows the PSDs from the control experiment for one element on the experimental array. Each plot shows the PSD for one Reynolds number case at each of the three control cases. The Re θ 0 = 0 case shows the noise imposed by the suction pump with the water tunnel off. The power spectra of the suction pump is energetic in the 40-80 Hz band with energy at higher frequencies being masked by the water tunnel motor noise when the water tunnel is on. The 40-80 Hz suction pump noise masks a portion of the hydrodynamic hump in the power spectra. As shown earlier in figure 10 , the amount of turbulent energy increases with the Reynolds number. As the Reynolds numbers studied increase, the turbulent pressure fluctuations mask more of the pumping noise until, in the Re θ 0 = 4000 case, the suction pump noise is nearly entirely masked. At Re θ 0 = 2000 and Re θ 0 = 2700, both suction intensities seem to remove similar amounts of energy but as Re θ 0 increases, the higher suction coefficient clearly removes more energy. The improvement between the two suction speeds is not linear and increased suction intensities appear to have diminishing returns. The reduced effectiveness with increasing suction intensity results from the fact that the flow near the wall is the first to be removed and as shown in figure 7b the turbulence intensity decreases away from the wall. The explanation of the diminishing returns merits further study.
In order to quantify the spectral energy reduction due to the suction device within each of the two low-pass filters defined above, the energy present in the each filtered signal (E i ) was calculated through integration of the PSD,
where f 1 is the low-pass frequency of filter 1 and f 2 is the low-pass frequency of filter 2. Figure 13 shows the energy present, normalized by the energy in the same band for the no suction case, and plotted against the distance from the suction device χ = x/δ 0 , where x is distance in the streamwise direction, and δ 0 is the boundary layer thickness above the first pressure array element with no suction. All cases show an increased energy ratio near the suction device and a relatively stable fluctuating pressure reduction further away. The increased energy near the suction device may be due to a greater level of contaminating noise sensed by the upstream pressure sensors, which are closer to the suction device, and does not necessarily reflect that there is greater turbulence there. The energy present in filter 1 shows less reduction than that in filter 2, which is expected as the contaminating noise from the suction pump does not change as a function of suction level or Reynolds number. The lower suction intensity removes almost half of the fluctuating energy, while the higher suction intensity only reduces the energy slightly more. Depending on the suction and Reynolds number combination, 20% to 68% of the energy is removed in the filter 1 band.
A. Wavelet Analysis
A discrete form of continuous wavelet analysis was performed on the pressure time series data. This method uses compact functions that are finite in both space and frequency to identify features of a time series in both frequency and time simultaneously. In this analysis, wavelets are convolved with the pressure data along a range of scales. The result is a view of the spectral energy present in the system as a function of both space and time simultaneously. This approach differs from the windowed Fourier transform, in that instead of moving a window of N points along the data set in order to obtain the information for all the frequencies of interest, a wavelet of the same scale as the structures of interest is used. The use of the wavelet depends on what content is of greater interest. If a wavelet has a finer resolution in space, and consequently a shorter duration, it will have a coarser resolution in frequency. Conversely if a finer resolution in frequency is desired, it comes at a cost of the resolution in space. The wavelet chosen for the analysis was the Morlet wavelet 20 due to its complex nature, which allows for a magnitude and phase to be calculated, and its finer frequency resolution relative to other possible wavelets. The finer resolution in frequency allows for more accurate determination of power laws in the wavelet spectrum. The Morlet wavelet 20 is defined as a Gaussian pulse of a plane wave:
where ω 0 is the reference frequency, in this paper taken to be 6, and η is the non-dimensional time t/τ where τ is the scale.
The wavelet is convolved with the pressure data via Fourier transforms. The result is a two dimensional representation of the time series data with both time and frequency information. Figure 14a shows a sample of pressure data from the Re θ 0 = 4000 uncontrolled case and the corresponding real part of its Morlet wavelet transform below. The solid line corresponds to the cone of influence; outside of the cone of influence, the wavelet spectra is affected by data wrapping from the convolution. Figure 14c shows the same transform for a controlled case, using the same contour levels, and displays the reduction of the convective hump and a more even frequency distribution. When this transformation is done across the pressure array a three dimensional block of time-frequency-space is available. This block of data is shown in figure 15 for the uncontrolled case. Based on the Fourier analysis, the most energetic structures are in the 10-100 Hz band. Slices of this block at 30 Hz are shown in figure 16 , which display the expected signatures of phase locked convective structures. The black lines represent the mean convective speed with no suction. The signatures follow these lines for uncontrolled flow, but tend toward higher speeds or break up as the suction intensity increases. 
VI. Conclusions
This work experimentally investigated TBL scaling and the effect localized BLS has on the turbulence. A facility for TBL measurements was characterized and the flow conditions were validated. The validated facility was used to take surface pressure measurements under a TBL controlled with BLS. An uncontrolled case and two suction intensities were studied across a range of Reynolds numbers.
The mean velocity profiles are collapsed via both inner and outer boundary layer length and velocity scales for a range of Reynolds numbers and multiple steamwise positions. From this, the energy dissipation in the boundary layer is calculated along with the smallest characteristic scale and frequency of turbulence. The scaling analysis shows that the turbulent spectra scale with the outer flow variables, and these are used to collapse both the cross-correlations and the frequency-wavenumber spectra.
The inclusion of a BLS device does not effect the turbulent field present, and the control case data with no suction present collapse well onto the preliminary uncontrolled data set. Two suction velocities are studied along with a no suction case with a boundary layer control system. Two frequency ranges are determined to be relevant to the current study, and an non-dimensional noise scaling is used to look at the effect of the BLS on the PSD in those bands. The BLS device is observed to remove energy from the largest turbulent structures across the entire range of Reynolds numbers and suction intensities.
BLS is an appropriate method for removing energy from the largest fluctuating pressure signatures in TBLs. Future experiments will seek to further isolate contaminating noise from the pumping system in order to get a clearer picture of the influence the BLS has on higher frequencies.
